Influences of hydrothermal alteration on titanomagnetites and magnetic properties of two pyroxene andesite lauds in the Noya geothermal area were investigated. The chemical compositions of titanomagnetites easily change in response to changes in environmental conditions. Most x-values lie between 0.25 and 0.35 for titanomagnetites without an indication of low temperature oxidation or hydrothermal alteration. Ti-migration due to high temperature hydrothermal alteration (>ca. The alteration of titanomagnetites has been extensively studied because (1) these minerals are principal carriers of magnetization in rocks and (2) their chemical composition is an indicator of alteration environment on account of their rapid response to environmental conditions such as oxygen fugacity and temperature.
The oxidation of titanomagnetites is one of the most important alteration processes occurring in natural environments and has been studied from the viewpoints of mineralogy and rock magnetism. It is highly dependent on temperature and two oxidations are well known: high temperature (higher than about ture oxidation occurs during the consolidation and cooling of magma. Ilmenite lamellae are usually exsolved during these processes. Other characteristic features and processes of high temperature oxidation are described in detail in the comprehensive review of HAGGERTY (1976a) . Low temperature oxidation occurs during the deuteric cooling stage and weathering. In particular, it also occurs during hydrothermal activity in ocean floor basalts, usually at temperatures lower than basalts have shown that maghemitization is the characteristic feature in the incipient stage. The transformation of magnetite into maghmite is not a simple process such as the addition of oxygen, but is accompanied by volume reduction and loss of Fe (e.g., JOHNSON and HALL, 1978; PETERSEN et al.,1979; STEINER, 1982) .
In contrast, the alteration of titanomagnetites under hydrothermal environwell studied because such alteration (hydrothermal alteration hereafter) is a complex process controlled by many factors such as temperature, the chemistry of fluid and rocks, duration and the fluid/ rock ratio. It is a chemical and mineralogical response of rocks to hydrothermal fluid in contact with them. Primary silicate minerals interact with hydrothermal fluid and change into hydrous minerals such as clay minerals, micas or zeolites. ADE-HALL et al. (1971) first observed a wide range of opaque mineralogical changes in basalt lava flows suffering regional hydrothermal alteration. The characteristic change was the formation of patches of fine ferri-rutile and sphene granules in moderately altered titanomagnetite. They also found a rise of Curie temperature in the samples without microscopically detectable titanomagnetite alteration, and concluded that magnetic properties are sensitive to regional hydrothermal alteration. STEINTHbRSSON and SVEINBJ~RNSDOTTIR (1981) studied opaque minerals in basalt lava flows in the Krafla geothermal area, Iceland. Igneous titanomagnetite oxide minerals. They inferred that these mineralogical changes were caused by the present hydrothermal alteration. UENO (1984) and UENO and TONOUCHI (1987) reported that pure magnetites occurred as recrystallizationpyoducts after primary magnetites, and Curie temperatureshowed aremarkable increase, due to hydrothermal alteration of quartz diorite in Chichibu, Japan. SMITH and BANERIEE (1986) investigated the magnetic structure of the upper kilometer of oceanic crust at Deep Sea Drilling Project Hole 504B. The Curie temperature was as high as that of pure magnetite in a green schist facies hydrothermally altered zone, whereas titanomagnetite was not Ti-poor from the result of microprobe analysis. They inferred that submicroscopic exsolution due to postemplacement hydrothermal alteration was the cause of the high Curie temperature.
These previous studies indicate that titanomagnetite is susceptible to hydrothermal alteration and is easily transformed into Ti-poor magnetite, rutile and sphene. The difference, in essence, from low temperature oxidation is the formation of Ti-poor magnetite. Whether maghemitization occurs or not probably depends on the temperature and oxygen fugacity of the hydrothermal fluid. A rise of Curie temperature is one of the characteristic changes of magnetic properties. The examples are few, however, and it is necessary to certify that these features are common to other alteration areas and other rock types. Influences of the alteration condition (e.g., temperature and intensity of alteration) on alteration of titanomagnetite and changes in magnetic properties must be investigated more in detail.
Opaque mineralogy and the magnetic properties of andesite lavas in the Noya geothermal area, Central Kyushu, Japan are investigated in this paper. Detailed opaque petrography and electron microprobe studies are done. Correlations among mineralogical and magnetic properties and alteration conditions are examined. The Noya area merits such investigations for the following reasons: (1) hydrothermal alteration in this area has been studied in detail by FUJIMOTO (1984 FUJIMOTO ( , 1987 and (2) Noya is considered to be a typical geothermal area accompanied by Quaternary andesitic volcanism in Japan.
Samples
The Noya geothermal area is located in the northern part of the hot spring zone of Kyushu island (Fig. 1) . Many active volcanoes and hot springs are distributed in the direction from ENE to WSW. This area is characterized by a composite system of east-trending and north-trending faults and thickly piled Quaternary lavas and pyroclastics, and is considered to be a small scale volcano tectonic depression (FUJIMOTO,1987) . More than ten exploration wells have been drilled in the area and (FUIIMOTO, 1987) .
All samples come from four drilled holes, and are originally two pyroxene andesite lavas of Hohi volcanic rocks whose total thickness is about several hundreds of meters and contain some intercalated pyroclastics. The phenocryst minerals are plagioclase, augite and hypersthene. The mode of plagioclase phenocrysts is about 30% regardless of the difference in units. That of pyroxenes phenocrysts varies from 6 to 13%. The grain sizes of plagioclase and pyroxenes are from 2 to 5 mm and less than 2 mm, respectively. The groundmass is generally cryptocrystalline or microcrystalline and sometimes shows trachytic texture. Titanomagnetite is a dominant opaque mineral and occurs as a groundmass constituent and small phenocryst smaller than 0.3 mm. Ilmenite occurs as a small grain in contact with magnetite, as a small separate grain and occasionally as exsolution lamellae in titanomagnetite. The mode of phenocryst opaque minerals is from 0.5 to 2%.
Outline of Hydrothermal Alteration in the Noya Area
The characteristic features of hydrothermal alteration in Noya area are summarized based on the results obtained by FUIIMOTO (1984 . The subsurface alteration envelope has a mushroom shape with a section of 2 km in diameter (Fig. 2) . The representative alteration minerals are given in Fig. 2 .
Based on authigenic mineral assemblages, five alteration zones are distinguished from the core to the rim: (1) actinolite-clinopyroxene zone, (2) epidote zone, (3) chlorite zone, (4) chlorite/montmorillonite zone and (5) montmorillonite zone. A hematite dominant zone, where primary titanomagnetite is completely replaced by hematite and sphene, is distributed sporadically in the outer part of the epidote zone.
The intensity of alteration, which is characterized by the degree of textural changes from the original igneous texture, is divided into three categories, high, medium and low. (1) High alteration intensity: Primary minerals are wholly or nearly wholly altered into authigenic minerals and textures of the original rocks, like the outline of phenocrysts are more or less destroyed. (2) Medium alteration intensity: Plagioclase phenocrysts are partly altered and pyroxenes phenocrysts are completely decomposed. The original textures are mostly preserved. (3) Low alteration intensity; they are completely preserved and primary mafic minerals remain partly unaltered.
The alteration mineral assemblage and alteration intensity are independent parameters. Roughly speaking, alteration mineral assemblages are controlled by the alteration temperature, while alteration intensity is controlled by the amount of hydrothermal fluid interacted with rocks and the duration of hydrothermal activity. The alteration intensity is relatively low in the core of the alteration envelope where the alteration temperature is high.
Mg, Al, Ti and Fe are relatively immobile elements during hydrothermal alteration in the Noya geothermal system. Remarkable compositional changes are K addition and Ca depletion in the shallow part of the chlorite and the chlorite/ montmorillonite zones. This is due to replacement of plagioclase by K-feldspar.
Compositions
of the discharged water of drill holes and observed authigenic mineral assemblages suggest that the deep fluid is nearly in equilibrium with an assemblage of muscovite, albite, laumontite and quartz, which is a typical assemblage in many other active geothermal areas in andesitic volcanic regions. The fluid is not in an oxidizing condition.
Alteration temperatures are estimated from the generalized summary of the temperature ranges over which alumino-silicate alteration minerals have been observed in active geothermal areas (HENLEY and ELLIS, 1983) . They are below
Opaque Mineralogy
Fifty polished thin sections were examined under a reflected microscope. A scanning microscope (JSM840, JEOL) was used to observe microstructures.
All titanomagnetites in drilled cores suffered not only hydrothermal alteration but also deuteric high temperature and low temperature oxidations. In order to distinguish the influences of the oxidations from those of hydrothermal alteration, titanomagnetites in both altered and unaltered rocks are examined. In this paper, the term "unaltered" means no indication of hydrothermal alteration.
Titanomagnetites in unaltered rocks
Five unaltered rocks collected on the surface near drilling site GO-2 were examined. Two types of oxidations were recognized: (1) high temperature oxidation characterized by the formation of ilmenite lamellae (Figs. 3(a) and (b)) and (2) low temperature oxidation characterized by maghemitization (Figs. 3(c) and (d)).
4.1.1. High temperature oxidation Ilmenite lamellae of several hundreds of microns in length and one micron in width are distributed regularly along (111) planes of titanomagnetite crystals (Fig. or under the scanning electron microscope ( Fig. 3(b) ). These features correspond to Stage 2 or 3 of high temperature oxidation as defined by ADE-HALL and LAWLEY (1970) . 4.1.2. Low temperature oxidation Titanomaghemite occurs around rim or along pre-exist fractures of titanomagnetite ( Fig. 3(c) ). The color of the maghemitized part changes from brownish gray to light gray. Curvilinear cracks are developed irregularly within the maghemitized part. These cracks, associated with volume changes during oxidation, are called "shrink cracks" (PETERSEN et al.,1979) or "physical cracks" (AKIMOTO et al., 1984) . The boundary between relict titanomagnetite and titanomaghemite is sharp, which suggests that the reaction proceeds from the surface of the titanomagnetite grain or pre-existing fractures. These features suggest that the oxidation stage corresponds to "Stage d" defined by AKIMOTO et al. (1984) or Stage 2 as defined by JOHNSON and HALL (1978) .
4.2 Titanomagnetites in hydrothermally altered rocks Forty-five hydrothermally altered rocks (3 in the montmorilonite zone, 15 in the chlorite zone, 13 in the epidote zone and 14 in the actinolite-clinopyroxene zone) were examined. 4.2.1. Montmorillonite zone Alteration intensities of the rocks studied are low. Titanomagnetites in this zone show maghemitization and no remarkable differences from unaltered ones in appearance.
4.2.2. Chlorite zone The alteration intensity is variable from high to low. The following differences from titanomagnetites without indication of hydrothermal alteration were recognized. The color turns light bluish gray throughout the grain, while unaltered titanomagnetite is brownish gray. It looks inhomogeneous because submicron scale dots and blebs of sphene and rutile are scattered. The rutile is minor in amount. These blebs and dots are distributed more densely in more intensely altered rocks. ADE-HALL et al. (1968 ,1971 ) described patches offine ferri-rutile in hydrothermally altered titanomagnetite. UCHIDA (1976) also described the emulsion of Ti-rich phase in hydrothermally precipitated titanomagnetite inporphyry copper deposits in Peru. STEINTHORSSON and SVEINBJdRNSDOTTIR (1981) demonstrated the existence of sphene of submicron size in titanomagnetite in the Krafla geothermal area, Iceland. These observations strongly suggest that exsolution of small dots and blebs of Ti-rich phase characterize the hydrothermal alteration of titanomagnetite.
Maghemite does not occur in this zone. MERRILL (1973) and RYALL and ADE-HALL (1975) reported that titanomaghemite began to break down submicroscopically to Ti-poor magnetite and ilmenite during laboratory oxidation observation is concordant with their results.
Primary titanomagnetites are decomposed into hematite to various extents especially in the samples suffered medium and high intensity alterations in the drilled core of GO-2, Titanomagnetites are nearly completely replaced by hematite and sphene in the hematite dominant zone.
The microstructures of titanomagnetites in this zone are very variable even in the same specimen (Fig. 4) . In general, many curvilinear cracks are developed, which may be scars of maghemitization. Many micro cracks or micro pores of submicron size are distributed along rim or pre-existing fractures (Figs. 4(a) and (b)). The Lamellae structure is remarkable in some grains. These lamellae were originally composed of ilmenite exsolved during high temperature oxidation and now are completely transformed into sphene or sometimes rutile (Figs. 4(c) , (d), (e) and (f)). Curvilinear cracks are developed on host titanomagnetites (Figs. 4(c) and (d)) and occasionally the polished surface of the host titanomagnetite is homogeneous (Figs. 4(e) and (f)).
4.2.3. Epidote zone and actinolite-clinopyroxene zone The features of these two zones are nearly the same. The color of titanomagnetites becomes brighter gray than in the chlorite zone because the density of blebs and dots of rutile and sphene becomes higher and fine lamellae are developed. Lamellae of some tens of microns in length and less than one micron in width are distributed regularly along (111) plane of the titanomagnetite grain with a spacing of a few microns (Figs. 5(a), (b), (c) and (d)). They were originally ilmenite exsolution lamellae due to high temperature oxidation, and now are completely transformed into rutile and sphene. In general, the lamellae are scarce and the polished surface of the host titanomagnetite is homogeneous in the marginal part of the grain (Figs. S(c) and (d)) or along pre-existing fractures. As this type of zoning is not observed in unaltered titanomagnetites, ilmenite lamellae disappeared during hydrothermal alteration in the restricted part of titanomagnetite grains. These homogeneous magnetites are nearly pure magnetite in composition and they are probably recrystallization products after primary igneous titanomagnetites. In these two zones, maghmite does not occur and hematite is relatively rare compared with the chlorite zone. were analyzed. Four unaltered rocks and twenty-two altered ones were analyzed. More than 10 points were analyzed on each sample. As shown in the previous section, minute dots, blebs and lamellae are developed with high density and it is difficult to analyze the composition of titanomagnetite without influences of the other phase. Therefore, the measuring points are checked under the scanning electron microscope before each analysis in order to minimize these influences.
The "x-value", the ulv6spinel mole fraction in the titanomagnetite solid solution series, is calculated based on the assumption that the minor elements (Al, Mg, Mn, V and Cr) substitute for Fe in the titanomagnetite lattice. Representative data are listed in Table 1 . lamellae, while they are lower than 0.2 for titanomagnetite grains accompanied by ilmenite lamellae in the same sample. Figure 6 (b) shows a histogram of x-values of both low temperature oxidized titanomagnetites (i.e., titanomaghemite) and relict titanomagnetites in the same rock (Figs. 3(c) and (d) ). The x-value of titanomaghemitecorresponds tothat ofthe titanomagnetite of the same cation ratio. They are about 0 .3 for the relict titanomagnetites and usually more than 0.35 for the maghemitized parts . There is a distinct difference in x-values between relict titanomagnetites and titanomaghemite . Figure 7 is a ternary diagram of Ti02-RO-1 / 2R'203, where R includes Fell , Mg, Mn and Ni, and R' includes Felll, Al, V and Cr. The amount of Fell is estimated on the assumption that the difference of the weight percent of EPMA data from 100% is equal to the amount of oxygen combined with Fell. This diagram also shows that the maghemitized part is relatively Fe-poor and Fe is almost all Felll The weight percent data show a noticeable decrease of Fe and a slight increase of Ti and Si (Table 1 column The processes of low temperature oxidation, especially of submarine basalts, are described and discussed in detail by JOHNSON and HALL (1978) , PETERSEN et al. (1979) and AKIMOTO et al. (1984) . They concluded that low temperature oxidation involved diffusion of Fe out of the original spinel lattice into surrounding silicates, which would result in an increase of the Ti/ Fe ratio for the remaining Fe-Ti oxide. ARAGON et al. (1984) clarified the slow diffusion rate of Ti compared to that of Fein Our observations and analytical results are consistent with their conclusion. The characteristic features of subaereal low temperture oxidation are similar to those of submarine low temperature oxidation.
Therefore, it is concluded that most of the x-values of high temperature oxidized titanomagnetites lie between 0.25 and 0.35. The advance of high temperature oxidation makes the range lower and the loss of Fe in the course of low temperature oxidation results in an increase of the x-values up to 0.5. Figure 8 shows histograms of x-values for titanomagnetites and titanomaghemitesincluded in two typical samples (G02-233 meters in depth and GO1-621 meters in depth).
Titanomagnetites in hydrothermally altered rocks
G02-233 belongs to a chlorite zone with medium alteration intensity. The characteristic feature in this zone is that micro structures of titanomagnetite are very variable even in the same thin section as shown in Fig. 4 . The x-values in this sample change from 0.05 to 0.5 according to the micro structure of each grain ( Fig. 8(a) ). Titanomagnetites with many curvilinear micro cracks (Figs. 4(a), (b) , (c), and (d)) have higher values, while homogeneous titanomagnetites without these cracks (Figs. 4(e) and (f)) have lower values. The effects of contamination from cracks or lamellae are considered to be small. GO1-621 belongs to the actinolite-clinopyroxene zone with a low alteration intensity. The x-values of this specimen fall within a narrow range between 0.01 and 0.03 ( Fig. 8(b) ). The contents of minor elements such as Al, Mn and Mg also show a remarkable decrease, although the V content does not change (Fig. 9) . Ti is contained in rutile and sphene which occur as fine lamellae or small blebs and dots. These low x-values cannot be attained only by deuteric high temperature oxidation because these values are much lower than those of unaltered ones. Fine lamellae and dots are developed densely in some specimens; e.g., G02-674 (Figs. 5(a) and (b) ). The analyzed spot always covers surrounding lamellae and dots because the beam size of the electron microprobe is about 5 ,um in diameter. In this case, the analytical data are influenced by the lamellae and dots. Figure 10 shows that the cation numbers of Ca and Si show a good correlation of one to one. This suggests that the lamellae and dots are composed of sphene (CaTiSiOs). Figure 11 shows the relations between x-values and alteration zones. The xvalues in the montmorillonite zone are not different than those of unaltered rocks, Fig. 9 like microstructures as previously mentioned. On the contrary, the range of x-values in the chlorite zone is relatively wide. It is remarkable that the x-values are distributed uniformly from 0 to 0.5. It ranges widely between 0 to 0.4 in the epidote zone. But there is a broad peak at 0.02-0.03. The range becomes narrower and the peak becomes sharp in the actinolite-clinopyroxene zone. In conclusion, x-values show a gradual decrease from 0.3 to 0 with increasing alteration temperature, Figure 12 shows the relations between x-values and alteration intensity in the chlorite zone. The x-value also changes from 0.3 to 0 as the alteration proceeds.
Compositional changes of titanomagnetitesdue to hydrothermal alteration
The composition of titanomagnetites in hydrothermally altered rocks at rocks. There are three possibilities which can explain this compositional difference:
(1) variation of original compositions, (2) the degree of high temperature oxidation and (3) influences of hydrothermal alteration. We think that the difference arises from hydrothermal alteration for the following reasons. The characteristic features of hydrothermally altered rocks such as bulk chemical composition, compositions of feldspar and pyroxenes, primary mineral assemblages and textures are very similar to those of unaltered ones. This suggests that the original compositions of titanomagnetites are not different. Moreover, pure magnetite rarely occurs as a primary oxide mineral in andesite. The existence of Ti-rich lamellae and dots in magnetite also suggests that the low x-value is not primary.
Then, the possibility of high temperature oxidation is examined. The x-values range from 0.1 to 0.3 for high temperature oxidized titanomagnetites in the Noya area as shown in Fig. 6(a) . Usually x-values are higher than 0.0 even after high temperature oxidation after the compilation by BUDDINGTON and LINDSLEY (1964) , HAGGERTY (1976a, b) and PETERSEN (1976) . Moreover, the andesite lavas examined in this study are not composed of a single lava flow. The thickness of one flow unit maybe less than a hundred meters. The degree of high temperature oxidation is higher in the inner parts of a thick (thicker than about 6 m) lava flow (PETERSEN, 197b) . This means that the x-values should be lower in the inner part of each lava flow unit. In fact, it gradually decreases with depth regardless of the difference of units, as shown in Fig. 1 b. Thus, the changes of the x-value cannot be explained by only high temperature oxidation. Almost pure magnetite is produced by solvus exsolution of the primary igneous titanomagnetite at temperatures of about 350° C in the Krafla geothermal area (STEINTHORSSON and SVEINBJ~RNSDbTTIR, 1981) . It also occurs in altered quartz diorite as the recrystallization of igneous titanomagnetite (UENO,1984) . The titanomagnetites inthe epidotezone and the actinolite-clinopyroxene zone are nearly pure magnetite and are homogeneous in composition (i.e., without fine spinel lamellae). They are probably recrystallization products during hydrothermal alteration as mentioned in the previous section. Therefore, the difference in x-values arises from hydrothermal alteration. Controlling factors of the x-value are not clearly-determined: The coexisting Ti° phase is probably closely related to it. It is lower in the higher alteration temperature zone, where rutile is dominant compared to sphene. It is considered that rutile extracts Ti from titanomagnetite more effectively than sphene. Stability relations of rutile and sphene are mainly controlled by C02 partial pressure and temperature (SCHULING and VINK,1967) .
Exchange of Fe and Ti occurs between host titanomagnetite and ilmenite lamellae to produce pure magnetite, rutile and sphene. Ca and Si must be introduced by hydrothermal fluid from surrounding silicates for sphene mineralization. Considering the lower diffusivity of Ti compared to Fe in titanomagnetites (ARAGON et al., 1984) , this exchange cannot be explained by only lattice diffusion, and cations migration by hydrothermal fluid probably plays an important role. The rapid reaction rate of oxide minerals compared to that of silicates gives rise to recrystallization of pure magnetite after titanomagnetites, even though the other silicate minerals suffer only slight hydrothermal alteration.
6. Magnetic Properties 6.1 Samples and experimental procedure Minicores 2.5 cm in diameter and roughly 2.5 cm in length were drilled from unoriented sections of the recovered drilled core. A total of 49 samples were taken value of 0.45 Oe for the Noya geothermal area. Thermomagnetic analysis was made with an automatic torque balance in a magnetic field of 4500 Oe and with a vacuum of 10-5-106 torr. On the basis of the saturation magnetization and its temperature dependence curves, Curie temperatures were determined by the graphical method after GROMME et al. (1969) . A general description of magnetic properties is done in this chapter and more detailed correlations between mineralogical and magnetic properties are discussed in the next chapter.
6.2 Results 6.2.1. Intensity of remanent magnetization (Jn) Table 2 lists the magnetic properties of the samples. Figure 13 shows intensity versus susceptibility. The most salient feature of remanence intensity is the relatively values: samples suffering higher intensity alteration have lower Jn values as shown in Fig.l3 , whereas there is no particular correlation between alteration temperature and remanence intensity as shown in Fig.16 . Susceptibility is primarily a function of grain size and concentration of magnetic minerals, and thus the observed relation between K and alteration intensity could be due to one or both of these factors which can be affected by hydrothermal alteration. 6.2.3. Koenigsberger ratio (Qn) The Koenigsberger ratio is an estimate of the relative contributions of remanent and induced magnetization within a given rock. It is commonly used to determine whether the in situ magnetization is dominated by remanent magnetization (Qn> 1) or an induced component parallel to the current geomagnetic field (Qn<1). The majority of samples have Qn values less than 1, indicating that the in situ magnetization is indeed dominated by an induced magnetization.
6.2.4. Alternating~eld demagnetization (AFD) Demagnetization curves were plotted for all samples subjected to AFD. The peak alternating field required to remove half of the initial magnetization (MDF) was determined from these curves. As listed in Table 2 , the majority of the samples have high MDF values (20 mT < ). Stability against AFD is generally good (Fig.  14) . These AFD results obtained may indicate that the main magnetic carriers of studied rocks have a relatively strong coercive force probably caused by the effective small grain size of included magnetic minerals.
6.2.5. Thermomagnetic analysis Figure 15 shows a typical example of obtained thermomagnetic (JS-T) curves. that, the main carrier of magnetization of studied rocks is relatively Ti-poor titanomagnetite, which is roughly consistent with microscopic observations and the results of electron microprobe analysis.
Correlations between Mineralogical Changes and Magnetic Properties
Alteration zones, alteration intensity, FeIII/ FeII ratio of bulk rock composition, magnetic susceptibility, intensity of magnetization, Curie temperature and ranges of x-value of titanomagnetites in G02 are shown as a typical example in Fig. 16 . The ferrous concentration is analyzed by the titration method.
The alteration intensity is low in the montmorillonite zone above 140 meters depth. Rocks are completely argillized into chlorite, montmorillonite and their mixed layer minerals in the chlorite/montmorillonite zone between 160 and 220 meters depth. The alteration intensity is medium between 220 and 440 meters depth and becomes higher with the depth from 420 to 500 meters. The amount of K feldspar and pyrite increases with depth from 300 to 500 meters. Remarkable K addition occurs due to K feldspar formation between 400 and 500 meters depth. Titanomagnetite is partially hematitized between 220 and 500 meters depth. The alteration intensity is high and hematite replaces titanomagnetite nearly completely between 500 and 650 meters depth. Alteration is less intense below 650 meters depth. Epidote occurs around 670 meters depth and disappears in the deeper part. In brief, the alteration temperature becomes higher with depth.
The bulk FeII/ FeIII ratio has a relation with the degree of transformation of titanomagnetites into hematite. Its primary values range from 0.5 to 0.6 and it decreases to 0.4 between 300 and 500 meters depth and less than 0.2 between 500 and 650 meters depth, where hematite is dominant.
Both magnetic susceptibility and the intensity of magnetization have the same tendency (Section 6) and show a positive correlation with the FeII/ FeIII ratio. (1) Most x-values of high temperature oxidized titanomagnetites without indications of hydrothermal alteration range from 0.25 to 0.35. Iron loss due to low temperature oxidation characterized by maghemitization results in the increase of x-values up to 0.5.
(2) Rutile and sphene characteristically occur as small dots, blebs and lamellae in hydrothermally altered titanomagnetite at temperatures higher than about 1 SO° C. Maghemitizationdnes not take place but the composition of titanomagnetite changes. The x-value decreases with increasing alteration temperature. Nearly pure magnetite occurs probably as a recrystallization of original igneous titanomagnetite in the epidote and actinolite-clinopyroxene zones even in the stage of low intensity alteration. On the other hand, primary titanomagnetites are partly or wholly transformed into pyrite or hematite in intensively altered rocks.
(3) Altered titanomagnetites in the montmorillonite zone at temperatures lower than about 150° C have nearly the same characteristics as low temperature oxidized ones. (4) Magnetic susceptibility and intensity of magnetization generally have lower values in more intensely altered rocks, whereas they have no particular relation with alteration temperature. This is due to decomposition of magnetite in intensely altered rocks.
(5) Thermomagnetic analysis reveals that the main carrier of magnetization of studied rocks is relatively Ti-poor titanomagnetite. The Curie temperature is about and actinolite-clinopyroxene zones. This increase corresponds to the decrease of
x-values. Curie temperature seems to be related to alteration temperature rather than alteration intensity.
